In this work, influences of particle hydrophilicity and morphology on its removal by electrically neutral and positively charged water droplets were investigated experimentally in a home-made chamber. Potassium chloride (KCl) and Di-Ethyl-Hexyl-Sebacate (DEHS) and agglomerated KCl aerosols were successively adopted as representative testing cases and each test was carried out batchwise. The results showed that minimal collection efficiency of DEHS particles (hydrophobic) could be improved from 38% to 82% due to droplet charging after spray for ten minutes, which is a significantly greater increment than that of KCl particles (hydrophilic) after same charging-spray time. Additionally, droplet charging enhances the operational stability of traditional spray to collect DEHS particles in tested sizes while contributes most to removal of KCl particles only in low concentration and intermediate size. As a comparison with nearly spherical particles (KCl), a higher collection efficiency by electrically neutral droplets corresponds to loose agglomerates in low particle concentration due to interception mechanism, but the difference could be weakened by an addition of electric field onto water spray.
INTRODUCTION
Over past few years, air pollution mainly caused by PM 2.5 was commonly recognized as the one of most intractable issues in China to improve human settlement environment (Li et al., 2015; Zheng et al., 2016) . Numerous studies showed that the PM 2.5 concentration of the majority area in China severely exceeded the standard promulgated by the U.S. Environmental Protection Agency (U.S. EPA) (Song et al., 2017; . Exposure to PM 2.5 at such high concentration for a long time may trigger some kinds of serious diseases, such as cardiovascular and respiratory diseases, nervous system and sex-biased neurobehavioral disorders (Genc et al., 2012; Becerra et al., 2013; Sobolewski et al., 2018) .
In order to mitigate the PM 2.5 pollution in China, a great deal of strategies and technologies emerged constantly, mainly involving high-efficient filters Chen et al., 2016; Choi et al., 2017; , electrostatic precipitators (Park et al., 2017; Liao et al., 2018) , wet removal (Jaworek et al., 2006a) and hybrid system * Corresponding author.
E-mail address: duqian@hit.edu.cn (Q. Du); tangminde@163.com (M. Tang) (Han et al., 2018; Jaworek et al., 2018) . Besides, other new concepts were proposed by some scholars to manage PM 2.5 pollution in megacities of China . Yu et al. (2014) proposed a geoengineering approach for reducing air pollution in megacities by means of water spray into atmosphere like watering garden. Zhou et al. (2015) introduced a Solar Chimney configuration which can drive the warm airstream from ground to high altitude due to the effect of natural buoyancy, but no filters were assembled to mitigate PM 2.5 in this system. Based on similar ideas, Cao et al. (2015) showed a Solar-Assisted Large-Scale Cleaning System (SALSCS) to remediate urban PM 2.5 by coupling High efficiency particle air (HEPA) filters. However, HEPA filters significantly increased the resistance of airflow rising by solar energy in tower, hence the new generational SALSCS equipped with charging water spray was conceived to resolve this issue and maintain high purification efficiency. Charging water spray was widely perceived as a reliable technique to achieve high purification efficiency of submicron particles with low pressure drop (Pilat et al., 1974; Metzler et al., 1997; Balachandran et al., 2003; Jaworek et al., 2006b; Carotenuto et al., 2010; D'Addio et al., 2013; Jaworek et al., 2013; D'Addio et al., 2014; Kim et al., 2014; Di Natale et al., 2015) Balachandran et al. (2003) investigated experimentally the suppression rate of cigarette smoke by charged droplets in a closed chamber, revealing that charged droplets could provide two times removal efficiency higher than uncharged droplets. Ha et al. (2010) evaluated the scavenging rate of diesel particulate matter collected by charging droplets, which is directly related to water electrical properties, spraying performance and corona power. D' Addio et al. (2013 Addio et al. ( , 2014 designed a lab-scale WES (Wet electrostatic scrubbing) system to decouple the influences of droplet-particle interactions and study quantitatively the role of charged droplets in removing submicron particles. Di Natale et al. (2015 Natale et al. ( , 2016 Natale et al. ( , 2018 performed a series of WES experiments, confirming its good effectiveness to remove submicron particles including gasoline and bacterial particles. Additionally, Jaworek et al. (2002) numerically simulated and reviewed the scavenging rate of small particles by charged droplets, suggesting that smaller droplet size, lower Stokes number and higher Coulomb number have positive effects on collection efficiency. Zhao and Zheng (2008) proposed a population balance model to optimize operational parameters of WES device, indicating that slower droplet velocity, larger droplet charge-to-mass ratio and liquid-to-gas flow ratio are beneficial to the particle collection efficiency. Carotenuto et al. (2010) developed a mathematical model which revealed the droplet-gas relative velocity plays different roles for submicron and microparticles. Even though many results were reported to reveal the influence factors of WES efficiency, there was few studies to expatiate the effects of particle properties to best of our knowledge.
In this study, effects of particle hydrophilicity and morphology on aerosol scavenging were investigated in a home-made electrostatic scrubber. Two kinds of aerosol particles, potassium chloride (KCl) and Di-Ethyl-Hexyl-Sebacate (DEHS) were first adopted to elaborate the influence of particle hydrophilicity on its removal. In order to accomplish this detailed measurement in a sufficiently wide size range, a Scanning Mobility Particle Sizer (SMPS) and an Aerodynamic Particle Sizer (APS) were employed in this study. Secondly, nearly spherical and agglomerated KCl aerosols were used as representative cases, which aims at expatiating the effect of particle morphology on scrubbing performance. Experiment results showed that both particle hydrophilicity and morphology have significant influences on its removal by electrically neutral or positively charged droplets.
METHODOLOGY

Setup and Protocol
The layout of experimental apparatus used in this study is shown in Fig. 1 . It mainly consists of a wet electrostatic scrubber chamber, spray droplet charging section, particle generation section and measurement system. The scrubbing chamber was made of transparency glass and designed as a regular hexagon with side and height that are approximately 0.3 m and 1.1 m, respectively. On the side surfaces of chamber, two air-vents were designed to guarantee the pressure balance in chamber by particle-free air passing through HEPA filters only. At the top cap of chamber, four aerosol inlets were arranged to evenly disperse particles into the chamber. Polydisperse aerosol used in this study was generated from a collision-type atomizer (TSI 3079) which was followed by a diffusion dryer filled with silica gel or active carbon to dry KCl and DEHS aerosol, respectively. Hydrophobic DEHS particles (oil droplets) are spherical and hydrophilic KCl particles are nearly spherical, which were tested by Transmission Electron Microscope (TEM) in this study. After diffusion dryer, aerosol particles then pass through a neutralizer to yield overall charge neutral aerosol and flow into the chamber subsequently from top inlets.
Besides aerosol inlets, a pressure nozzle (ID = 1 mm) was located in the center of the top cap and connected to the ground as a zero-potential electrode. At the bottom of this nozzle, a copper ring (OD = 28 mm, ID = 23 mm) was fixed at the same horizontal plane as the tip of nozzle and applied a negative potential by a high voltage power supply. Droplets produced by the nozzle, as a conical spray coaxial to the ring, would pass through the grounded ring, thereby producing net positive charges on the surface of droplets by induction charging mechanism. Without charging, the mean size of spray droplets is approximately estimated from 80 µm to 110 µm according to the data from nozzle manufacturing company and Ha's study (Ha et al., 2010) , while the effect of droplet charging on its mean size is not taken into account in this study due to low electric potential (Ha et al., 2010) . Droplet charges acquired by induction charging could be calculated by the following Eq. (1) (Mazumder et al., 2006) :
where ε 0 is permittivity of free space, E 0 is average electric field and r d droplet size. Corresponding charges estimated by Eq.
(1) is shown in Table 1 .
In the whole experiment, a SMPS (3080, TSI) was used to continuously monitor particle concentration and size distribution by classification and scanning modes, respectively. The sampling location was set in the center of chamber to minimize the effect of particle spatial distribution in spray tower. In order to reduce the effect of moisture on measurement, a diffusion dryer was added into the sampling system regardless of spraying. Besides SMPS, a diluter (dilution ratio of 100) and a APS (3321, TSI) were also employed to monitor the large DEHS particles which SMPS is incapable to detect. Even though the APS adopts a different equivalent particle diameter from SMPS, it could also be used to analyze DEHS removal comprehensively.
Agglomerates Generation Method
In order to expatiate the effect of particle morphology on spray scavenging, a composite aerosol production mode was designed to generate polydisperse KCl agglomerates, as shown in Fig. 2 . A collision-type atomizer (TSI 3076) filled with 0.01% KCl aqueous solution was adopted first to generate nanoparticles in a high concentration. These nanoparticles then pass through a diffusion dryer to maintain a low humidity in aerosol flow and particles after dehumidification are introduced into a tube furnace (1100℃). In this furnace, nanoparticles undergo a full and rapid gasification process to yield KCl vapor in a high concentration.
Subsequently, KCl vapor coming out of furnace rapidly condenses into a large number of primary particles of which typical size is ten to twenty nanometers. These primary particles then pass through two tandem agglomeration chambers and a Po-210 neutralizer to generate loose and electrically neutral agglomerates. In order to validate particle morphology generated by this method, a TEM test was also conducted and corresponding image was compared with nearly spherical KCl particle produced by collision-type atomizer directly.
RESULTS AND DISCUSSION
In this section, KCl particles, as hydrophilic particles, were investigated first to acquire the particle scavenging process in detail by charged droplets. Then collection performance of hydrophobic particles (DEHS) in chamber was analyzed by aid of SMPS and APS. On this basis, overall comparisons between KCl and DEHS particles were presented and analyzed to elaborate the effect of particle wettability. Finally, fractal-like KCl agglomerates, as a comparison to nearly spherical particles, was adopted to expatiate the influence of particle shape on scavenging efficiency. 
Scavenging Characteristics of Hydrophilic Particles (KCl)
The performance of charged droplets to remove KCl particles in closed chamber was evaluated in real time for different particle mobility diameters, as shown in Fig. 3 . Different scavenging stages for peak size (120 nm) in a continuous decay process were first studied, as shown in Fig. 3(a) . In initial stage where water spray is not turned on, particle concentration in this size has no significant decrease due to wall deposition. After spraying, particle concentration was quickly reduced to 3000 # cm -3 approximately for both cases, but the decline rate slowed down gradually. At that moment, a high voltage was applied on copper ring, which significantly increase the decline rate again in comparison with spraying stage. Turning off the high voltage subsequently, as shown in the second case of Fig. 3 (a), the particle concentration in low level was almost indeclinable, which further proved the advantage of charged droplets to remove low-concentration particles. On this basis, 3000 # cm -3 was selected as the initial concentration to underline the effect of droplet charging on particle decay rate for different mobility sizes, as shown in Figs. 3(b)-3(d). In the case of 70 nm, wall deposition plays a non-ignorable role even in that low level due to the greater diffusion effect in this size. However, the electrical interaction between charged droplets and particles is still the dominant mechanism to collect nanoparticles. For cases of both 120 nm in Fig. 3(c) and 220 nm in Fig. 3(d) , the effect of wall deposition could be neglected as a comparison with Fig. 3(b) . At the stage of spraying, the decay rate of particle concentration increases with raising either spraying flowrate or high voltage but the magnitudes of increase are significantly different for two mobility sizes. In Fig. 3(c) , the hydrodynamic mechanism has a marginal effect while the electrical interaction plays an extremely crucial role on collecting particles in that size. However, the effect is completely opposite for particles in 220 nm, as shown in Fig. 3(d) . The decay rate under uncharged droplets is already pretty quickly, thus the droplets charging only has a little effect on improving removal efficiency. Therefore, the biggest assistance with an addition of electric field to remove particles occurs in harsh conditions where the conventional spraying has a low efficiency.
Scavenging Characteristics of Hydrophobic Particles (DEHS)
Similar to section 3.1, real-time removal processes of DEHS particles by charged and uncharged droplets were investigated for different water flowrates and mobility sizes, as shown in Figs. 4(a) and 4(b). The effect of wall deposition on removing particles was also evaluated separately to quantify its contribution within all collection mechanisms. It can be clearly seen in Fig. 4(a) that particle concentration drops slowly in uncharged spraying, which is almost in the same magnitude as wall deposition. Once DEHS particles, however, were applied an image force by charged droplets, its decay rate has a substantial increase. Coupling with electric field, the water flowrate also plays a positive role in collecting DEHS particles, which takes effect in full range of mobility size discussed in this study. From the viewpoint of cumulative collection efficiency in Fig. 4(a) , a great difference could be found that 70% and 30% after 500 s correspond to uncharged and charged droplets in high flowrate, respectively. Beyond that, the noise fluctuation with decay time in charged spray is smaller than that in uncharged spray, which also could be found for scavenging rate of particle in 600 nm. As shown in Fig. 4(b) , not only is scavenging time starting from same high concentration (28,000 # cm -3 ) reduced by one-half due to droplets charging, but also the scavenging rate keeps a more stable monotonous trend with scavenging time. A plausible reason for this phenomenon is that positive charges on each droplet have a repulsion force on other charged droplets, which disperse a great number of droplets in chamber more evenly.
In order to quantify contributions of different collection mechanisms in scavenging process, computing results for two cases, 220 nm and 600 nm, were shown in Figs. 4(c) and 4(d), respectively. First of all, thermophoretic and diffusiophoretic effects could be neglected due to almost undifferentiated temperature between droplets and particles. Only three kinds of important mechanisms, including wall deposition, electrical interaction and hydrodynamic effects, were taken into account in this study. It could be clearly seen in Fig. 4 that electrical interaction is the most critical mechanism for both cases while hydrodynamic mechanism has a marginal effect compared other two mechanisms. Besides, wall deposition contributes 30% approximately for both cases, indicating no significant difference to remove DEHS particles in different sizes. However, contribution fraction of electrical interaction is reduced from 60% to 45% while that of hydrodynamic effect increases from 10% to 22% approximately with mobility size. In this regard, inertial impaction accounts for the larger proportion in collecting particles of 600 nm, which relatively weakens the ascendancy of electrical interaction. 
Overall Comparison of Scavenging Characteristics of DEHS and KCl Particles
Figs. 5(a) and 5(b) depict multistage concentration distributions and collection efficiencies of KCl particle in full size range for cases of both uncharged and charged droplets, respectively. With an increase of spraying time, particle concentration in each particle size declines gradually and fractional collection efficiency increases correspondingly for both cases. Particularly in Fig. 5(a) , both the peak of inverse U-shape curve and the valley of U-shape curve occur in the same particle size, suggesting that particle concentration seems to affect collection efficiency of KCl particles. As a comparison, Fig. 5(b) shows a slight deviation of locations where two different extremums emerge in, which might be because droplet charging changes original trapping equilibrium by hydrodynamic effects. Besides, the minimal collection efficiency after ten minutes increases from 42% to 61% due to the addition of electrical interaction between droplets and particles.
Similarly, the variations of DEHS particle concentration and collection efficiency with mobility diameter at different spraying stages were shown in Fig. 6 . As a supplement, collection efficiency in larger size by APS measurement was also depicted, as shown in Fig 7. Combining Fig. 6 with Fig. 7 , the valley diameter has a large gap with peak size, stating clearly DEHS particle concentration has a marginal effect on fractional collection efficiency. Whether for Fig. 6 or Fig. 7 , it could be clearly seen that droplet charging increases the minimal collection efficiency of DEHS particles from 38% to 81%, indicating a completely significant increment. Even though peak size and absolute concentration of DEHS particles are slightly different from that of KCl particles, it could also be acquired that droplet charging take more effects on removal of hydrophobic particles.
When a hydrophobic particle migrates close to a droplet, it may adhere to the surface of droplet or rebound from droplet surface, which depends on impact angle between particle and droplet (Zuo et al., 2017) . As more particles accumulate to the droplet, a dendritic structure (Sumiyoshitani et al., 1984) may occur on charged droplet surface if particles are rigid spheres, and a big ellipsoid probably corresponds to aggregated oil particles. In case of droplet charging, the electrical interaction could offer a stronger particle adhesion on droplet surface than Van der Waals force only, reducing particle shedding due to droplet oscillation in settlement process. With reference to a hydrophilic particle, it could pierce droplet surface and get into the inside when colliding with a droplet (Sumiyoshitani et al., 1984) . Another conceivable reason is that a hydrophilic particle may grow up due to condensation effect in a super-saturated environment (Weingartner et al., 1995; Bologa et al., 2001; Du et al., 2016) , so it could be captured by a neutral droplet more easily. Therefore, net efficiency increment for capturing hydrophobic particles is relatively larger than that for collecting hydrophilic particles by charged droplets.
Comparison between Agglomerates and Spherical Particles
Two-dimensional images of single agglomerate and nearly spherical particle taken by TEM were shown in Fig. 8(a) and 8(b), respectively. It can be clearly seen that the agglomerate consists of many primary particles and has a high aspect ratio, which significantly distinguishes from nearly spherical particle. Fig. 9 depicts concentration distribution and fractional collection efficiency of agglomerate in full size range to compare with that of spherical particle. Similarly, droplet charging plays a considerable role in improving collection efficiency of hydrophilic particles regardless of particle shape. In both scenarios, significant synergism by droplet charging occurs after running for ten minutes when particle concentration is at a low level. In order to expatiate the effect of particle morphology on its removal, the comparison of classified particles in a lower initial concentration was further shown in Fig. 10 . In uncharged condition, the declining rates of concentration of both agglomerate and sphere are almost identical in early stage. Subsequently, the difference significantly emerges in both spraying flowrates, suggesting a higher removal efficiency for agglomerates in a low concentration. In the case of droplet charging, particle concentration is distinctly reduced to a lower level within the same time. Particularly, the cut-off concentration to distinguish agglomerate from sphere drops to a lower level than that in Fig. 10(a) , which indicates a smaller gap caused by particle shape with an addition of electric field.
In the absence of electric field, trapping mechanisms of particles by neutral droplets mainly involves inertial impaction, Brownian diffusion and directional interception (Carotenuto et al., 2010) . Similar to the theory of particles trapped by a fibrous filter (Kim et al., 2009) , particle diameter used in calculating Stokes number and Schmidt number refers to mobility diameter preferentially, thus inertial impaction and Brownian diffusion play marginal effects on improving removal efficiency of agglomerates. Directional interception, however, is the crucial factor due to the importance of H in Eq. (2).
where E di is directional interception parameter, Re is droplet Reynolds number, ω is ratio of water viscosity to gas viscosity and H ratio of characteristic particle dimension to droplet diameter. For spherical particle, characteristic particle dimension is geometric diameter while it refers to the maximum projected length (L) for agglomerates, as shown in Eq. (3).
Obviously, L of an agglomerate is greatly larger than geometric diameter of a sphere at the same mobility. Therefore, the removal of loose agglomerates is more effective than that of spheres by droplets. However, under droplets charging, a long-distance force provided by electric field is applied in collecting particles, which weakens the influence of particle morphology to some extent.
CONCLUSIONS
In this study, a home-made electrostatic scrubber was designed to investigate the effects of particle hydrophilicity and morphology on its removal. From experiments the et al., Aerosol and Air Quality Research, 19: 2331 -2340 , 2019 2339 following key conclusions could be derived for particle removal by charged droplets:
(1) For trapping hydrophilic particles, biggest assistance of electrical interaction occurs in harsh conditions, such as low particle concentration and intermediate particle size, where traditional spray has a lowest efficiency. However, droplet charging enhances the operational stability of traditional spray to collect DEHS particles in all tested sizes.
(2) Compared with KCl particles, droplet charging plays a more crucial role in improving removal efficiency of DEHS particles, suggesting a great potential for trapping hydrophobic particles by upgrading conventional spray with minimal efforts. (3) As a comparison with nearly spherical particles, a higher collection efficiency corresponds to loose agglomerates in a low particle concentration due to interception mechanism, but the difference could be weakened with an addition of electric field onto water spray. Follow-up studies should focus on building a swarm-particle model to predict collection efficiency of particles with different properties.
